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" Miniaturized chemical instrumentation: is:needed for in situ measurements in planetary exploration and other
spaceflight appheatxons where- factors: such ' as“reduction in ‘payload requirements and -enhanced robustness are
important. Iri ‘résponse-to” this ‘need;* we ‘are ‘continuing  to develop miniaturized: GC/MS' instrumentation which
combines chemical ‘separations’ by- gas: chromatography '(GC) with mass™ spectrmnetty (MS) 1o provide:-positive
identification -of chemical compounds in* complex: mixtures of gases, such as‘those:found 'in the International Space
Station’s cabin atmosphere: Our design approach utilizes micro gas chromatography components coupled with either a
miniature quadrupole mass spectrometer array (QMSA) or compact, high-resolution Paul ion trap. Key design issues
include high: sensitivity, good ' MS resolution (0.5 amu FWHM or better), low power, robustness, low GC flow rates to
minimize vacuum-pumping requirements, and‘the use of a modular approach to adapt to different environments.
Among the potential applications for such instrumentation are in situ detection of astrobiology signatures (using air
samplmg or: ground-dnllmg techmques), planetary aeronomy, and momtormg of cabin air. dunng long duratlon human

fight.
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" In situ éxblﬁﬁﬁdia‘df the solar. system -t0.idéntify. its early chemistry and! to look for compelling evideice of
astrobxology will require new enabling technology for: chemwal analys:s. Here, identification and characterization of
biomarkers of extinct or extant life and early pre-biotic. chémxstry in the solar system will be of special importance.
GC/MS (gas chromatography combined with mass spectrometry detectmn) provides an especially powerful analytical
tool for the identification of tnknown chemical’ compoﬁnds ‘While ‘mass’ spectrometry alone provides important
capability for identifying the chemical structures of unknown compounds from observations of their ion fragments, it
suffers from inherent difficulty in dealing with mixtures; especially: when compounds of interest may be present at low
levels. Combining mass spectrometry with gas: chromatography. (GC), provides rapid separation of even complex
chemical mixtures before they are detected by the MS. This “pre-processing”of the sample using GC presents the MS
with a sequence of pure compounds for detection and identification, allowing even, trace level species to be detected in
the presence of complex backgrounds.” This 1 'GC/MS argmbly the most powerﬁxl ‘general purpose technique for
chemical analysis. Here, the s:gnatur&like miass’ “Spectrum’ for ‘each’ compound can be used to identify specific
structural features of the molecule, and when coupled with characteristic GC retention times provides virtually positive
identifications. Given sufficient S/N, it is also often possible to infer the isotopic composition (and ratios) of resulting
ion fragments produced for each compound, further enhanéing the scientific value of in situ GC/MS measurements.

... To be useful for jn situ astrobiology or- other spaceflight. applications, GC/MS instrumentation must be both
miniature and rugged,.while using very little power and other consumables. - Fortunately, instrument robustness is enhanced
Wmm@tommmmmmmtmasmmmmﬂymmmmﬂm
increasing the relative strength of components. - Besides reducing. power requirements and the use of " consumables, small size
maysxgmﬁcanﬂydem’easetheamountofsampleﬁlatlsreqmred,allomngod:er&q)pm'tmgsystanstobeswleddown
Mmmwﬂyﬁvaaﬂemﬁemofgxsdmmamgaphymmsﬁtmapphm Here, the use of
short micro-bore.columns makes separations much faster without adversely effecting resolution, while at the same time greatly
reducing flow rates. from the GC column into the mass spectrometer. . ’ﬂnsmmxmxmmnnnpumpmgreqummtsand
cmnergascmsmnpﬁm,aﬂawmgﬂ:eovaaﬂwgbtandpowerofﬂxemntobesugmﬁmrtlyredwed. .

TS ln sztu chemlcal measurements for astroblology and other spaceﬂxght apphcatxons hxghllght the need for the
high level of positive identification of chemical compounds offered by GC/MS. This is especially important since re-
measurement by alternative techniques for confirmation may not be feasible. It also may not be possible to anticipate
all chemical species. that are observed, and: impartant species may be present only-at trace levels where they: could bé
masked by complex chemical backgrounds. These considerations help make GC/MS the method of choice for i in situ
chemical measurements. While gas chromatography has played a significant role in previous planetary missions’ and a
variety of miniature mass analyzers have been developed,” weight and power requirements have so far precluded the
use of GC/MS in planetary missions, with the exception of a large and complex (10s of kg ) Pyrolysis/GC/MS system
for the upcoming Cassini/Huygens Probe into the atmosphere of Saturn's moon Titan” A new generation of
miniaturized low power GC/MS instrumentation will be needed to fill this technology gap. Here, MEMS technology
and other approaches to miniaturization can dramatically increase the robustness of systems and components, reduce
life-cycle costs and minimize the need for redundancy.

2. MINIATURE GC/MS INSTRUMENTATION

Qur technical approach in developing miniature GC/MS instrumentation is based on the use of a MEMS-based GC
injector and micro-bore capiltary columns for pafotmmg the separations, coupled with the new miniature mass spectrometer
technology being development at NASA/JPL.*® The silicon micro-machined injection valve we employ is shown in Figure 1
and is about 3 x 2.5 cm in size. The valve has a sample loop with a volume of 15 pL (micro-liters), which can provide precise,
programmable gas sample injections of 0.5-15 pL.. Such valves have been tested for over 2.5 million analysis cycles without
signs of wear. The injection valve itself is operated pneumatically from the carrier gas supply and thus does not directly
require power. A key feature of this design is that the sample loop is first thoroughly flushed with fresh sample, the sample
then pressurized to the GC column head pressure (in the sample loop), followed by injection of a very small plug of gaseous




sample at carrier gas pressure onto the GC column. This is important because volumes must be carefully controtled to
maintain low flow rates to the MS detector in a GC/MS micro-instrument configuration.

Flguxe l lewonnncro-machmedGCm;ector(seetht)

Gas flow rates from the GC into the MS are a key design issue for miniature GC/MS systems due to the need to keep
vacum pumping requirements and power usage low. Flow rates for the GC/QMSA instrument range from 10 to a few
hundred pL/min, much lower than typical laboratory GC flow rates of 2-30 mL/min. Such flow rates can be calculated using
the Poisesuille equation, allowing the flow rate (at some standard pressure) to be calculated from inlet and outlet pressures of
the GC column, internal radius R and length L of the column, and carrier gas viscosity, 1. In GC/MS applications, since the
ouﬂetofthecohnnnlsmthewmpedregmnoftheMS ﬂlemnletmewﬂlbemmmmdatzero
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’I‘hepnmarymass specunmeterdeteaorwehaveemployedmomGC/MSworkmtheQMSA(quadmpole
mass: spectrometer ‘array) shown in Figure 2: This miniature high resolution, quachxpolearrayhasbeenoemﬁedasa
NASA flight instrument and has been deployed on the International Space Station. - The QMSA itself is: comprised of
16 rods in a 4 x 4 array (each 2.5 cm in length) and utilizes a single ionizer for the MS array.® Detection sensitivity is
2 x 10'% counts/torr-sec; with a mass resolution m/Am of 600 over a range ‘of 1-300 amu. The present configuration of

the vacuum housing of this instrument provides a direct access port to the ionizer via a'1.33: mchstamlcsssteelvacuum
conflat flange, which prowdesaample mtetfaoe tothe GCeolumnv:aastandard 1/16" oompressmn ﬁttmg SR
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As:m;ﬂlﬁedomewofﬂ\eGC/MSsystemxssmwanlgme3 Fust,asamplelsdtawnthrmxghtheISpL
sample loop of the MEMS GC injector by a miniature sampling pump. The injector is pneumatically operated by carrier gas
pressure using miniatare solenoid valves (not shown), and a sample plug of 0.5-15 yl is injected onto the GC column. A flow
of carrier gas (typically: helium) carries the sample through ‘the column. AﬁersepammnmtheGCcohnnn,compwndsfor
analymspasxmothemnmannemssmummformassamlysxsandmon =

'Ihehrwd:oardGClQMSAnselﬁsshowannguru ATleargaswnphngbaglsslwwnontheleﬂ,alongwnha
mlmanuemmergsmgulator poeumatic control valves and sampling pump.- The MEMS injector. (lower center, shown
covered with foil insulation) is heated, as is the sampling line connected to the Tedlar bag. - From the injector the sample
passes into the GC column assembly (lower right), and then into the QMSA (upper right).
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Figure 3. Overview of GC/MS instrumentation design.

Flgure 4 GCIQMSA m:mamanon conﬁgmauon.

Typmlmultsﬁ)rﬂneGC/QMSAmeshownmﬂlemnclnmlatogmmmFxgmeS Thxsﬂhxsuatmhowgs
chromatography provides separation of even complex chemical mixtures based on differences in the time required for different
chemical components to flow through and exit the length of the GC column under controlled conditions. The separation arises
from differing interactions of components in the mixture with thin polymeric coatings on the walls inside the column, causing
those ‘which interact more strongly to spend less time in the carrier gas flowing through the column and reach the detector



later. This pre-processing of the sample provides the MS with a sequence of peaks, each representing a single compound.
Figure 5 shows the separation of a mixture of closely related hydrocarbons (70 ppm each) detected at mass 91. These were
scparated isothermally using a 5 m long 100 pm i.d. DB-Wax column (polyethylene glycol coating). It should be pointed out
that four of these compounds are isomers, having the same overall chemical formula and molecular weight. Since such
compounds have very similar chemical structures the resulting mass spectra can also be very similar, making GC separation
especially important in identifying them. To enhance detection sensitivity, we have also developed and demonstrated a
mmmMWmmWﬁrﬂnG@QMSAdbmmsmmmﬂnlmmme)
range.
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levels, since the GC separation removes background interferents. - I mmnanmlswnhtheGC/QMSAforSOppmof
NemOO;,tosmnﬂateaVamsJikeatmsphae,wuemadeusmgﬁmlmgnomedCarbmnenPDOTcolnmn(mrbon
molecular sieve coating, porous layer open tubular) coupled with a 50 um i.d. flow restrictor. The results, shown in Figure 6,
give relative abundances of 91.0 £ 1.0 % for Ne and 9.1 % 0.3 % for “Ne in agreement with standard values. The isotopic
composition of specific chemical compounds (and their ratios)-¢an also be defermined where S/N is adequate, since chemically
identical compounds will co-clute. Smoemaswchargemnosofﬂwmﬂungmﬁagmenmmnbeobsmveidetemmng
speaﬂcmmamhaﬂewhereclnnuwlmmwnhmmopemwdrmamnmaybemsﬂe s
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A nnmature hyperboloxdal Paul jon trap mass» specuometer,hauocenﬂxbeen developed as an altematlve high
resolution, extended mass range detector for the GC/MS _This i is shown mounted on.a 6”, oonﬂat ﬂange in Figure 7.

aanxthasens:tmtyonxlO oounts/torr—secxtxsabouthOxmore thantheQMSA,andbewuselt
operates in a radno-frequency only mode and no dc is reqm:ed, sxmphcuy and low power operatlon are possible. This

makes the Paul ion trap well suited for autonomous operatlon in harsh environments requiring low power Jow wexght,
andlowvolume . o - . v o




Figure 7. Miniature Paul ion trap mass spectrometer.

The mass and power consumption of the present GC/QMSA breadboard instrumentation are 1.9 kg and 16
watts, based on the use of commercial off-the-shelf electrical components. Of this, the QMSA itself comprises 1.7 kg
mass, 2000 cm’ volume and 15 w peak (2 w sleep) power, as incorporated into the Trace Gas Analyzer (TGA) for
astronaut EVA (the current spaceflight mstrument) With planned miniaturization of the electronics, it should be
possible to reduce the QMSA to 600 g mass, 680 cm’ volume and 5 w peak (1 w sleep) power. In its present form, the
Paul ion trap has a mass of 1.5 kg using commercial electronics, 1900 cm’ volume and 8 w pmk (1 w sleep) power
consumption.

Other important NASA needs that can be met by such miniature GC/MS instrumentation include environmental
monitoring of contaminates in spacecraft cabin air during long duration human flight or in future space habitats. Here,
Spacecraft Maximum Allowable Concentrations (SMACs) have been established for a wide range of compounds down to low
ppb levels. Miniature GC/MS technology can provide positive identification of these contaminants. Furthermore, this
approach provides the advantage of being able to detect and identify unanticipated environmental contaminants that might
arise from outgassing of spacecraft components, accidental release of materials aboard spacecraft or in habitats, or during the
extraction of planetary resources.

Miniaturized sampling systems and other enabling technology which can meet challenging mass, volume and power
constraints will be required for these miniature instruments. ‘To address this need, we are developing a variety of different
“front ends” for sample collection and pre-processing which are designed to interface with miniature GC/MS technology or
other in situ instrumentation. These include: .

o A miniaturized, very low powér theimal cfesmptxm preconoentratm'

o Miniature liquid water extraction systems dslgned to ﬁmctnon in nncro-gtavxty envxronments for both dxssolved

- gases and trace lével 0 orgamc compounds
R . "A micro-sampling probe ‘and low power programmab]e thermal dmpuon!pyrolysns mlet systm\ f(r m sztu
astroblology—relatedmeasmanmtsmsmlsandl ‘ o
'« Ahigh pressure micro-sampling inlét system for i situ measitements in deep suban’fhceexmrmmmts, smoe the '
-  integrity of samplw maybe mprommed by degassmg of volatile oompments if hrought to the ‘surface, °
Togethet with ‘the new generation of miniaturized instrumentation currently under development, these samplmg Systems wxll
address needs for in situ detec‘um of astrobiology signatures and for measurements in extreme earth environments.
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